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ABSTRACT 

Chemical comminution is an effective means for size 

reduction and beneficiation of coal. Sodium hydroxide and 

i-propanol show synergism in chemical comminution of Illinois 

No. 6 bituminous coal. 

The system was effective at low alkali concentrations with 

low consumption of NaOH. Much of the NaOH consumed was for 

neutralization of acidity of the coal. Isopropanol serves only 

as a reaction medium and could be recovered nearly quantitatively 

for recycle. The system lends itself to application in 

preparation of coal-water mixture and coal-alcohol slurry fuels. 

* * *  
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INTRODUCTION 

The use of coal as a source of energy and hydrocarbons will 

become more important in the future. In the upgrading and 

utilization of coal, size reduction is an important preparative 

step. The beneficiation of coal needs extensive crushing and the 

preparation of coal-water fuel mixtures, requires even finer 

particle size. Size reduction by mechanical means is not only 

energy intensive but also causes heavy wear on the processing 

equipment. 

An alternative method of coal comminution is to weaken the 

coal structure by chemical action. This concept has been applied 

to remove mineral matter from coal (l), to desulfurize coal 

(2,4,5) and to facilitate in-situ coal extraction from 

underground deposits (6). 

Various reagents which have been studied for chemical 

comminution include pure and aqueous ammonia, alkals such as 

NaOH, KOH, Na2C03, Ca(OH)2, etc. and organic solvents (3,7). The 

common limitations of the above-mentioned approaches are high 

reagent consumption and a low degree of effectiveness. 

Among the systems studied, NaOH in high concentration (>0.1 

N) is one of the most promising. However, the NaOH consumption 

is >5 wtt of treated coal and this makes it unattractive for 

practical applications. 
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We discovered that NaOH and i-propanol show synergism in 

coal comminution and that coal can be effectively comminuted by 

NaOH at concentrations less than 0.1 N in 90% i-propanol/water, 

with a low alkali consumption. The alcohol is not consumed 

chemically in the process and can be recovered quantitatively for 

reuse. The mechanism and kinetics of coal-alkali reactions were 

also investigated. 

EXPERIMENTAL 

Coal Sample: Illinois No. 6 Bituminous Coal, with the size in 

the range of 1-1.2 cm3 were hand-picked for the experiments. 

Comminution Solution: Reagent grade NaOH and i-propanol were 

used as received. The comminution solution was prepared as a 9 

to lvolume ratio of i-propanol to aqueous NaOH stock solution. 

The different NaOH concentrations of the comminution solution 

were obtained by varying the concentration of NaOH stock 

solutions. The normality of the NaOH solution is calculated 

based on the total volume of the caustic and iso-PrOH. 

Coal Comminution Procedure: Seventy-five ml of comminution 

solution and 10 g of coal were reacted in a sealed stainless 

steel vessel at 100°C for 48-86 hours. The treated coal was 

recovered by filtration and dried in a 100°C oven overnight. 

The effect of chemical comminution was judged by the 

following standards: 

166 



o Very ex tens ive :  Coal sample i s  d i s i n t e g r a t e d  i n t o  10 OK 

more smaller p i e c e s .  

o Extensive:  Coal sample is d i s i n t e g r a t e d  i n t o  less than  

10 p i e c e s  of smaller c o a l .  

o Good: L i t t l e  c o a l  i s  degraded.  Coal has  w e l l  developed 

c racks  a l l  over  t h e  s u r f a c e  and samples can be crumbled 

with hand p r e s s u r e .  
c 

o F a i r :  L i t t l e  or no smaller c o a l  p i e c e s  are found.  

Cracks on c o a l  s u r f a c e  are  formed mainly along t h e  seam. 

The pH va lues  of t h e  i n i t i a l  and spen t  s o l u t i o n  were 

analyzed with a pH meter .  The N a O H  concen t r a t ion  of t h e  

corresponding s o l u t i o n s  were determined by t i t r a t i o n .  

Determinat ion of i -propanol  Consumption: A th ick-wal led  

Pyrex tube d iv ided  i n t o  two compartments w i th  a medium porous 

g l a s s  f r i t  i n  t h e  middle was employed. Comminution s o l u t i o n  ( 5 0  

m l )  was f i r s t  in t roduced  i n t o  t h e  t u b e  and al lowed t o  d r a i n  

through t h e  f r i t  and f i l l  t h e  lower compartment. Coal (60-100 

mesh, 10 9 )  w a s  then charged i n t o  t h e  upper compartment. Af t e r  

t h e  tube  was s e a l e d ,  t h e  t u b e  w a s  i nve r t ed  t o  allow t h e  

comminution s o l u t i o n  t o  c o n t a c t  t h e  c o a l .  The s e a l e d  t u b e  w a s  

hea ted  a t  100°C a t  t h i s  p o s i t i o n  f o r  48  h r s .  
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A f t e r  t h e  h e a t i n g  p e r i o d ,  t h e  s e a l e d  tube  was inve r t ed  back 

t o  its o r i g i n a l  p o s i t i o n  t o  d isengage  l i q u i d  and s o l i d .  The coal 

w a s  d r i e d  by f r e e z i n g  t h e  l i q u i d  compartment i n  l i q u i d  N2 and 

hea t ing  t h e  c o a l  compartment wi th  wrapped h e a t i n g  t a p e .  The coal  

and t h e  s o l u t i o n  were recovered by opening t h e  s e a l e d  tube  and 

t h e i r  weights  were determined.  The i -propanol  c o n t e n t  i n  t h e  

s o l u t i o n  w a s  determined by gas  chromatography. A s e r i e s  of 

experiments  c o n s i s t i n g  of t h r e e  r e p e a t s  averaged 99% m a t e r i a l  

balance and i -propanol  consumption was 0 .1 -0 .7%.  

Determina t ion  of N a O H  Consumption R a t e :  A Brinkmann 

a u t o t i t r a t o r  E526 was used.  Coal ( 0 . 5  g ,  200+ mesh) w a s  

suspended i n  50 m l  of 90% i -propanol  aqueous s o l u t i o n  under an 

argon atmosphere and t i t r a t e d  a g a i n s t  0 . 0 1  N NaOH a t  a pH of 7.  

Determina t ion  of t h e  N e u t r a l i z a t i o n  Equ iva len t  of Coal: 

Al iquots  of 1 m l ,  0 . 5  N NaOH were added t o  5 g of c o a l  (200 mesh) 

suspended i n  50 m l  of 9 0 %  i - P r O H .  The pH change was fol lowed by 

a pH meter .  Add i t iona l  NaOH was added when t h e  pH dropped below 

7 .  This  procedure  was r epea ted  u n t i l  a s t e a d y  pH of 7 was 

reached.  
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RESULTS AND DISCUSSION 

Synergism of NaOH and Alcohols: Alcohol by itself is a very 

weak comminution agent. Storing coal under alcohols such as 

methanol, ethanol and i-PrOH for an extended period of time does 

not weaken the coal structure. Similarly, sodium hydroxide at 

concentrations lower than 0.1.N is not an effective comminution 

agent. 

It is found in this study that by combining those two 

ineffective agents, an efficient comminution solution was 

obtained. Thus, dilute NaOH at levels of 0.025-0.1 N in 90% 

i-propanol is very effective for comminuting coal with low alkali 

consumption. Without i-propanol, the concentration of NaOH at 

these levels is too low to comminute the coal. In the presence 

of i-propanol, extensive comminution is achieved with low alkali 

consumption. To achieve these levels of comminution without 

i-propanol, the NaOH consumption would have been 6.2 wt% of 

treated coal for 0.1 N NaOH solution. In the presence of 

isopropanol the typical levels of alkali consumption are in the 

range of 0-7-2.0 wt% of treated coal (Table 1). For example, the 

NaOH consumption for an extensive comminution is 2.6% for 0.1 N 

NaOH in 90% i-PrOH. 

The much enhanced comminution effect of NaOH-i-PrOH relative 

to aqueous NaOH is due to several possible causes: 



1. As polar organic compounds, alcohols wet coal better 

than water and facilitate the contact between alkali and 

coal. The observed trend in terms of effective d 
comminution medium is: 

i-PrOH > MeOH >> H20 

Apparently higher alcohols are better comminution 

solvents due to their higher affinity to and more 

effective wetting of the coal surfaces. 

2. The reactivity of the OH- anion may be enhanced by the 

solvation of Na' cations by alcohol molecules relative 
.! 

to aqueous solution so that the OH- becomes more exposed 

and free to attack acidic substrates. It is well known 
r 

b that crown ethers, THF, polyalkylene polyamines are 

capable of "trapping" alkali and alkali earth cations 

(13). Therefore n-butyl lithium is a much stronger 

nucleophile in TVF, crown ethers and 

tetramethylenediamine than in hexane. 

Effect of Alkali Concentration: The initial alkali 

concentration was varied between 0.01 and 0.1 N. Notwithstanding 

the 10-fold increase in NaOH concentration, the initial pH of the 

comminution solution remained constant at about 12.5 (Table 1). 

It is suspected that the 90% i-propanol solution is saturated 

with NaOH at a concentration greater than 0.01 N. At NaOH 

concentrations greater than 0.01 N, the solutions appeared 

turbid. 
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A linear relationship exists between the initial NaOH 

concentration and consumption of alkali (Figure 1). The alkali 

consumption can be lowered by using a more dilute alkali solution 

but its effectiveness for comminution is reduced. The lowest 

NaOH concentration in 90% i-PrOH sufficient to comminute coal is 

about 0 . 0 2 8  N. The NaOH consumption in this case is 0.7 wt% of 

the coal. This alkali concentration probably is the most cost 

effective for coal comminution. 

At higher NaOH concentrations, the consumption of NaOH 

increases as the comminution becomes more extensive. At 0.1 N 

NaOH concentration the degradation of coal structure was 

extensive and the alkali consumption reached 2.6%. This 

condition probably is the upper limit for economical coal 

comminution. (The criteria of comminution effect are defined in 

on.) the experimental sect 

To obtain effect 

should be maintained. 

had inadequate alkali 

ve coal comminution, a minimum pH of 10 

It is clear that run A4 and B4 (Table 1) 

strength to result in poor comminution. 

The alkali concentrations used in A3 and B3 are optimum for good 

comminution effects. 

Alkali Consumption: The alkali consumed in the chemical 

comminution in the presence of i-PrOH is mainly for 

neutralization of acidity ( 8 )  in the coal. Phenols (9) and 

carboxylic acids constitute the bulk of the acids in coal. Other 

materials which consume alkali are metal oxides and minerals. A 

pH value of 3.4 was detected for a coal/water suspension ( 0 . 5  g 

171 



of 200 mesh + coal in 50 ml H20) indicating the acidic nature of 

coal. 

I 
Alkali consumption due to the acidity in the coal was 

obtained by neutralizing it exhaustively using dilute NaOH at pH 

7. It took 1.4 wt9 of NaOH based on coal to neutralize the coal. 

Since this value is very close to those runs in which extensive 

comminution was obtained (A2 and B2), we are tempted to conclude 

that much of the NaOH consumption is for neutralization of 

, 

acidity in the coal. 

Iso-propanol Consumption: The role of alcohol in the 

comminution of coal using a NaOH - i-PrOH - H20 system is 
probably as a solvent which enhances NaOH reactivity rather than 

as a chemical reagent. By employing a sealed tube technique 

described in the experimental section, 99.2-99.9% of i-PrOH was 

recovered from the spent solution. This extremely high i-PrOH 

recovery rate supports that it does not react with coal 

functionalities. 

the comminution method described in this paper viable for 

industrial applications. 

The very high recovery of alcohol could make 

Kinetics of NaOH Uptake: As mentioned above, much of the 

alkali taken up by coal is for neutralization of the ac d sites 

of the coal. Therefore, a fast reaction between alkali and coal 

is expected. The uptake of alkali by coal in an iso-propanol - 
H20 system at a constant pH of 7 and 25OC was studied using an 

automatic titrator. To simplify the analysis of kinetic data the 

OH- concentration was kept constant. 
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Plotting the log of NaOH uptake rate against the log of the 

reaction time, a straight line with a slope of - 0 . 5  was obtained 

(Figure 3 ) .  Thus, the rate of caustic uptake can be represented 

with the following equation. 

r = 2.33 x 107 
t-O. 5 

where r is the rate of caustic uptake, mole/sec. Kg of coal, 

t is time, sec. 

The form of this equation suggests that the reaction is rapid and 

the reaction rate is mass transfer limited. The initial rate at 

reaction time of 0.01 sec is in the range of 10' mole/sec. Kg 

which is too fast for organic reactions likely to occur in this 

system at room temperature. A rate of 10-4 to 10-6 mole/sec. 1 

is expected for typical organic reactions. On the other hand, 

the reaction rate of Ht and OH- is mass transfer limited at a 

rate of lo1' mole/sec. f (11). For the neutralization of weak 

acids in coal it is expected to be somewhat slower than that for 

the strong acids. 

This suppDrts the assumption that neutralization of acids in coal 

is the major reaction in the comminution of coal. 

A rate of lo8 mole/sec. Kg is reasonable. 

The mechanism of the above reaction can be modeled with the 

reaction controlled by diffusion through the "ash" layer of a 

shrinking core. According to this model, and following the 

notation used by Levenspiel (lo), 

the rate of reaction -d& 
dt 
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a t  any t ime  can  be expres sed  by 
-dN ;;;(;; 1 - +) 5 4  n D e  C 

where N is conc.  of r e a c t i n g  OH- i o n ,  mole 
r c ,  R a r e  t h e  r a d i i  of  t h e  r e a c t i n g  c o r e  a t  t and t h e  o r i g i n a l  

p a r t i c l e ,  r e s p e c t i v e l y ,  cm 
De is t h e  e f f e c t i v e  d i f f u s i v i t y ,  crn2/sec 

C is t h e  c o n c e n t r a t i o n  of OH- i o n s  i n  t h e  b u l k  phase 

p is d e n s i t y  of c o a l ,  g /cc  
mo 1 e/cc 

For comple te  c o n v e r s i o n  o f  a partjcle, the t i m e  ~ q l l i r e f l  is 
pR2 T e- 
6De C 

The Aimens ion le s s  t i m e  (:) is 

t - = 1 - 3(1-X)2/3 t 2(1-X) 
T 

where X is c o n v e r s i o n ,  f r a c t i o n .  

According t o  Equat ion  5 ,  convers ion ,  and i n  t u r n  NaOH 

( 3 )  

( 4 )  

( 5 )  

consumption r a t e  w a s  c a l c u l a t e d  as a f u n c t i o n  of t i m e  us ing  a 

computer. By p l o t t i n g  t h e  l o g  of N a O H  consumption ra te ,  log 

dN/dt a g a i n s t  l o g  t, a s t r a i g h t  l i n e  w i t h  a s l o p e  of -0.53 w a s  

ob ta ined  ( F i g u r e  2 ) .  A similar p l o t  u s ing  expe r imen ta l  d a t a  a l s o  

y i e l d e d  a s t r a i g h t  l i n e  w i t h  a s l o p e  of  -0.5 (F igu re  3 ) .  The 

expe r imen ta l  and c a l c u l a t e d  e x c e l l e n t  agreement  between t h e  

va lues  demons t r a t e  t h e  v a l i d i t y  

the  model i n d i c a t e s  t h a t  t h i s  1 

a convers ion  l e v e l  o f  abou t  80% 

of t h i s  model. Examination of 

near  r e l a t i o n s h i p  is v a l i d  up t o  
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The De can be estimated from the experimental data. Since 

the real time for x = 0 . 5  and t/T = 0.11 was 5400 sec., the time 

for complete conversion T was calculated to be 4 9 , 0 9 0  

sec. according to Equation ( 5 ) .  The effective diffusivity De 

calculated from Equation ( 3 )  is 1 X cm2/sec. This magnitude 

of diffusivity compares reasonably with literature values, e-g., 

the self-diffusion rates of Br- in 1 and 6% cross-linked divinyl 

benzene (Dowex 2 anion resin) at 25°C are 9 and 4 x 

respectively (12). The consistent value of De obtained further 

substantiates the validity of the model. 

cm2/sec, 

SUMMARY 

Chemical comminution is an effective method for size 

reduction and beneficiation of coal. Although NaOH is effective 

at a concentration >0.1 N, the alkali consumption can be as high 

as 5-10 wt % of coal treated which makes it unattractive for 

practical applications. 

We find that there is a synergistic comminution effect when 

NaOH is used in combination with alcohols. Such a system is more 

effective than NaOH or alcohols when used separately. 

This synergistic effect of NaOH/alcohol may be due to its 

higher affinity for coal and better penetrating ability than that 

of NaOH/H20. A higher alcohol (i-propanol) was found to be more 

effective than methanol probably due to its larger organic 

groups. Another contributing factor to the synergism might be 

the solvation of Na' by alcohol which renders the OH- more 
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exposed and therefore, a more reactive species. Alcohol appears 

n o t  to be involved in coal-NaOH reactions, since it can be 

recovered almost quantitatively. Its role in comminution is a 

reaction medium to facilitate the OH-/coal contact. 

There is a linear relationship between initial NaOH 

concentration and its consumption. A higher degree of 

comminution was affected at higher NaOH consumption. A 0.028 N 

of NaOH in 90% i-PrOH was effective in coal comminution with an 

NaOH consumption of only 0.73% of coal. The NaOH consumption is 

mainly for neutralizing the acidity of the coal. The NaOH 

consumption for neutralization and exhaustive coal comminution 

were essentially the same. Studies of NaOH uptake by coal at a 

fixed pH of 7 using an autotitrator showed that the diffusion of 

alkali into coal is the rate controlling step in NaOH-coal 

r eaction. 

Coal comminution with NaOH-alcohols is effective and could 

find applications in coal-water slurry and coal-alcohol slurry 

preparations. 
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Table 1 

Comminution of Illinois No. 6 Bituminous Coal 
with NaOH in 909 i-Propanol 

Solution pH NaOH Consumption 
Experiment NaOH Conc. N Initial Final wt9 of coal Result;S** -- 

A' 1 

2 

3 

4 

B** 1 

2 

3 

4 

0.111 

0.0456 

0.028 

0.011 

0.099 

0.0452 

0.0282 

0.0104 

12.49 11.94 

12.49 11.94 

12.48 10.62 

12.50 8.85 

12.58 11.93 

12.49 11.09 

12.47 10.72 

12.52 8.8 

2.59 

1.2 

0.73 

0.28 

2.62 

1.20 

0.75 

0.25 

Very extensive 

Extensive 

Good 

Pair 

r 

Very extensive 

Extens ive 

Good 

Fair 

* 48 hr @ 100°C, 1/4-1/2 in3 coal used 
* *  96 hr @ 100eC, 1 in3 coal used. 
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